OBJECTIVE-Mesenchymal stem cells (MSCs) are known to be capable of suppressing immune responses, but the molecular mechanisms involved and the therapeutic potential of MSCs remain to be clarified.
M
esenchymal stem cells (MSCs) were first isolated from bone marrow as stromal cells with characteristics of clonal expansion and were later identified as multipotent stem cells with the capability to differentiate into various kinds of mesodermal tissues (1) (2) (3) . Aside from their roles in contributing to local microenvironments and supporting hematopoiesis in bone marrow (4 -6) , MSCs can suppress T-cell proliferation in response to nominal antigens or alloantigens (7) . MSC-mediated inhibition is also associated with a reduction in inflammatory cytokine production (8) .
Several soluble factors have been implicated in the mechanism of MSC-mediated immunosuppression, including transforming growth factor-␤, indoleamine 2,3-dioxygnase (IDO) (9) , nitric oxide (NO) (10) , and heme oxygenase (HO)-1 (11) . However, because of subtle differences in culture conditions, passage numbers, and the input populations used in different studies, direct comparisons are difficult and the mechanisms of MSC-mediated suppression remain elusive. The precise role played by specific molecules and whether this function is an exclusive property of MSCs remain to be clarified.
The use of MSCs for the treatment of graft versus host disease (GvHD) after allogeneic bone marrow transplantation has produced encouraging clinical results. Coinfusion of MSCs with allogeneic hematopoietic stem cells can accelerate hematopoietic recovery and prevent severe GvHD refractory to conventional immunosuppressive therapy (12, 13) . MSCs may also have significant therapeutic potential for the treatment of autoimmune disease, such as experimental autoimmune encephalomyelitis (14) , collagen-induced arthritis (15) , autoimmune enteropathy (16) , and experimental colitis (17) , and in experimental transplantation MSCs are capable of prolonging the survival of heart and skin allografts (18, 19) .
Islet transplantation offers an attractive and relatively noninvasive therapy for patients with type 1 diabetes, but although the Edmonton protocol and its derivatives have shown great promise in terms of restoration of normoglycemia, they do not appear to provide long-term insulin independence since most patients require exogenous insulin within 2 years posttransplant (20, 21) . However, the immunosuppressive effects of MSCs may have a particular appeal as an adjunct therapy in islet transplantation because both clinical and experimental procedures lend themselves to islet/MSC codelivery. In this study, we demonstrate that MSCs can attenuate T-cell-mediated rejection responses in a life-sustaining allogeneic islet transplant model and shed new light on the mechanisms involved.
RESEARCH DESIGN AND METHODS
Mice. CBA.Ca (CBA, H2 k ), C57BL/6 (B6, H2 b ), BALB/c (H2 d ), and BALB/c Rag Ϫ.Ϫ ␥ Ϫ.Ϫ mice were bred and housed in the Biomedical Services Unit of John Radcliffe Hospital and were aged 6 -8 weeks at the time of the first procedure. MSCs. BALB/c (H2 d ) bone marrow cells were flushed from femurs and tibias and cultured at 37°C with 5% CO 2 in DMEM supplemented with 15% FCS, 2 mmol/l L-glutamine plus penicillin (6 g/ml) and streptomycin (100 units/ml), and 0.5 mmol/l 2-␤-mercaptoethanol. Primary MSCs were identified by morphology, phenotypic analysis, and the capability to differentiate into adipocytes and osteoblasts under appropriate culture conditions as described previously (1, 22) . Flow cytometry. Cell surface markers were stained using established techniques. For analysis of intracellular plus surface CD25, cells were stained for surface CD25 in the conventional manner then fixed and permeabilized for 30 min at 4°C (eBioscience) and incubated with CD25 antibody for intracellular staining at 4°C for 30 min before acquisition. Delayed-type hypersensitivity assay. For this assay, 7 ϫ 10 6 C57BL/6 splenocytes as responders or 7 ϫ 10 6 irradiated (20 Gy) CBA splenocytes as stimulators were injected into the ear pinnae of immunodeficient BALB/c Rag Ϫ.Ϫ ␥ Ϫ.Ϫ mice either alone or together in the presence or absence of 1 ϫ10
5
MSCs using 30-gauge insulin syringes. Ear thickness was measured using a spring-loaded micrometer before and 48 h after injection. Relative delayedtype hypersensitivity (DTH) responses were calculated after 48 h, as previously described (23) . Islet isolation. Donor CB57L/B6 mice were killed by cervical dislocation. Collagenase (0.25 mg/ml, Liberase RI; Roche Diagnostics) was infused via the common bile duct. Pancreata were retrieved and digested for 10 min at 37°C followed by vigorous agitation. Islet purification was performed by Ficoll gradient centrifugation at 1,230g for 22 min. Islets were visualized by dithizone staining.
Adoptive transfer of cells and islet transplantation. BALB/c Rag
mice were reconstituted intravenously with 1 ϫ 10 5 naïve BALB/c CD4 ϩ CD25 Ϫ cells followed by transplantation of 500 B6 islets mixed with or without 4 ϫ 10 5 BALB/c MSCs beneath the kidney capsule. Blood glucose levels were determined using a blood glucose meter (Roche Diagnostics). Rejection was defined as a blood glucose of Ͼ14.5 mmol/l for at least 2 consecutive days. In some experiments, graft dependence was determined by removing the kidney containing the transplanted islets. Visualization of transplanted islets. Kidneys were frozen in Tissue-Tek OCT compound (Sakura) and 8-m sections stained with a guinea pig anti-insulin antibody followed by a fluorescein isothiocyanate (FITC)-conjugated anti-guinea pig second stage (both DakoCytomation). Nuclear counterstaining was performed using Hoechst dye, and sections were viewed with a Leica confocal microscope. Statistics. Data, given as means Ϯ SE, were obtained from at least three individual experiments, and statistical comparisons were performed using a Student's t test. Allograft survival between groups was compared using the log-rank test (Graphpad Prism).
RESULTS
Primary BALB/c MSCs cultured from adherent bone marrow cells had a spindle morphology and exhibit a classical MSC phenotype in that they are positive for CD44, CD73, and CD106 but negative for CD11b (Fig. 1A) and positive for Alizarin red and Oil Red O staining consistent with osteogenic and adipogenic precursors, respectively ( Fig.  1B and C) . MSCs induce interleukin-2 hyporesponsiveness in T-cells. To examine the effect of MSCs on T-cell responses in vitro, T-cells were stimulated with anti-CD3/ CD28 beads with or without graded numbers of MSCs. As shown in Fig. 1D , MSCs mediated suppression of T-cell proliferation in a dose-dependent manner, resulting in a 83.5 and 34.3% inhibition at a ratio of 1:10 or 1:20 (MSC: T-cell), respectively. More importantly, MSCs were capable of inhibiting T-cell responses driven by alloantigen. As shown in Fig. 1E , the addition of MSCs at a ratio of 1:10 reduced the allogeneic T-cell response by 53.7% and at a ratio of 1:1 abolished the proliferative response by 81.8%. In a comparison with conventional CD4 ϩ CD25 ϩ naturally occurring Treg, preliminary experiments indicate that on a cell-per-cell basis, MSCs appear to be approximately two to four times more potent in terms of inhibition of in vitro allogeneic T-cell responses (data not shown).
In many situations of in vitro T-cell hyporesponsiveness, T-cell proliferation can be restored by the addition of exogenous interleukin (IL)-2 (24, 25) . Therefore, we asked whether the MSC-mediated suppressive activity on T-cell proliferation could be rescued by the addition of IL-2. Carboxyfluorescein succinimidyl ester (CFSE)-labeled Tcells were stimulated in the presence or absence of MSCs as in Fig. 1D and proliferation determined by CFSE dilution. As shown in Fig. 2A , in the absence of MSCs, virtually 90% of the T-cells proliferated, but this was reduced to ϳ10% by the addition of MSCs. Surprisingly, proliferation was not restored by the addition of exogenous IL-2. We then evaluated whether stimulated T-cells might regain their responsiveness to IL-2 after MSCs were removed. Following stimulation with anti-CD3/CD28 beads in the presence or absence of MSCs, T-cells were reisolated by positive selection then incubated with exogenous IL-2. As shown in Fig. 2B , while cells stimulated in the primary culture without MSCs proliferated vigorously in response to IL-2 in the secondary cultures, cells stimulated initially in the presence of MSCs were unable to respond to exogenous IL-2. Thus, MSC-mediated IL-2 unresponsiveness appears to be a relatively stable phenomenon. Activated T-cells lose surface expression of CD25 in the presence of MSCs. In an attempt to explore this phenomenon further, we examined the expression of three surface markers that are upregulated as a consequence of activation (CD69, CD44, and CD25). As shown in Fig. 2C , while the presence of MSCs had no effect on the upregulation of CD69 or CD44, the addition of MSCs resulted in a significant reduction in CD25 expression after 2 days. This effect seemed to be specific to CD25 since the expression of CD122 (IL-2R␤ chain) and CD132 (IL-2R␥ chain) were unaffected by coculture (data not shown). Taken together, these data suggest that the MSC-dependent inhibition of both T-cell proliferation and responsiveness to IL-2 may be due to a downregulation of CD25. The reduced expression of CD25 on T-cells by MSCs is not related to receptor internalization or transcriptional regulation. Receptor internalization of surface receptors into endocytic vesicles following ligandinduced activation serves as an important mechanism in the autonomous regulation to ligand stimulation and can dramatically reduce receptor expression (26) . To ask whether this could explain the loss of surface CD25 on T-cells in the presence of MSCs, T-cells were stimulated with anti-CD3/CD28 beads and cocultured with MSCs followed by extracellular staining or extracellular plus intracellular staining for CD25. As a positive control for the detection of intracellular CD25, activated T-cells were incubated in the absence of MSCs with an excess of unconjugated anti-CD25 antibody (PC61) to block surface expression then stained with PC61-Pe with or without permeabilization. This approach completely abolishes cell surface staining (Fig. 3A , upper right panel), and thus the staining shown in Fig. 3A , lower left panel is attributable entirely to the detection of intracellular CD25. As shown in Fig. 3B , while surface CD25 expression was upregulated in the absence of MSCs, and reduced significantly in the presence of MSC, this was not explained by an increase in intracellular CD25 since the surface and surface plus intracellular profiles were essentially identical. Thus, receptor internalization does not appear to explain the MSC-dependent reduction in CD25 expression.
We then asked whether the reduced expression of CD25 induced by coculture with MSCs was related to a reduction of CD25 transcripts during T-cell activation. Total RNA was extracted and cDNA synthesized from either resting T-cells or T-cells stimulated with anti-CD3/CD28 beads in the presence or absence of MSCs. The transcriptional level of CD25 was determined by RT-PCR. Significantly, the reduction expression of CD25 induced by coculture with MSCs was not reflected by changes at the transcript level (Fig. 3C) , suggesting that the effect of MSCs on CD25 expression appears to be restricted to the cell surface.
MSC-mediated suppression is completely reversed by blocking MMP-2 and MMP-9.
It has previously been suggested that the suppression of T-cell proliferation mediated by MSCs is dependent on IDO (27) , NO (10), and HO-1 (11). To determine whether these molecules play a role in the current system, specific inhibitors were added to the cultures of T-cells stimulated in the presence of graded numbers of MSCs. The inhibitors were used at concentrations previously reported to compromise suppression by MSCs. Inhibition of IDO (1-MT) and HO-1 (SnPP) had no effect individually on MSC-mediated T-cell suppression (Fig. 4A) . Addition of L-NG-monomethyl argi- nine citrate (L-NMMA), an inhibitor of NO synthase, partially restored proliferation at an MSC:T-cell ratio of 1:10, indicating that the MSC effect is at least partially dependent on NO. Significantly, however, the inhibition of proliferation was completely reversed by addition of SB-3CT, a specific inhibitor of MMP-2 and MMP-9, implicating these enzymes as necessary and sufficient for the inhibitory activity of MSCs. MMP-2 and MMP-9 are expressed and secreted into the culture by MSCs. To determine whether the MSC used in this study express MMP-2 or MMP-9, MSCs were stained with specific antibodies and examined by fluorescence microscopy. As shown in Fig. 4B , intracellular MMP-2 and MMP-9 on MSCs were readily detected in MSC cultures. To determine whether these enzymes were secreted as soluble forms, we collected the medium conditioned by MSCs that had undergone 5 (P5) or 15 passages (P15) and performed a Western blot for MMP-2 and MMP-9. As shown in Fig. 4C , MSCs secrete both isoforms as early as passage 5. MMP-2 and MMP-9 from MSCs contribute to the loss of expression of CD25 on T-cells. MMPs are zincdependent enzymes that bind histidine-containing motifs in components of the extracellular matrix and play a crucial role in embryogenesis, wound healing, and tissue remodeling (28 -30) . It has been determined that MMP-2 and MMP-9 may also play a role in immunological evasion of cancer cells by clearing CD25 from T-cell surfaces (31) . The data in Figs. 4B and C confirm that the MSCs used in the present study contain and secrete MMP-2 and MMP-9, and the data in and MMP-9, respectively (Fig. 5A) . To determine whether MMP-2 and/or MMP-9 can influence the surface expression of CD25 (Fig. 2C) , bead-stimulated T-cells were cultured with MSCs in the presence or absence of 6 mol/l SB-3CT and CD25 expression evaluated by flow cytometry. As shown in Fig. 5B , the inhibitor partially reversed the loss of CD25, and although the effect was not complete, the fact that the same concentration of inhibitor caused a complete abrogation of MSC dependent T-cell inhibition (Fig. 4A) suggests that maximal levels of CD25 expression are not required for optimal responses to IL-2.
To determine whether both MMP isoforms contribute to this effect, monoclonal antibodies specific for either MMP-2 or MMP-9 were added to bead-stimulated T-cells cultured with MSCs. As shown in Fig. 5C , while the CD25 median fluorescence intensity (MFI) of T-cells cultured in the absence of MSCs was 2,577 Ϯ 244, this fell to 281 Ϯ 55 in the presence of MSC. Significantly, addition of anti-MMP-2 resulted in a dose-dependent partial reversal of this effect with 4 and 12 g/ml restoring CD25 expression to an MFI of 605 Ϯ 45 and 1,252 Ϯ 102, respectively (Fig. 5C,  upper panel) . A similar result was obtained by addition of anti-MMP-9 antibody (Fig. 5C, middle panel) . Importantly, addition of an antibody to MT1-MMP, an isoform that has previously been shown to be expressed by MSCs (33), had no effect on CD25 expression. A direct effect of MMP-2 and MMP-9 on CD25 expression is shown by the fact that addition of purified recombinant proteins led to a modest but detectable loss of CD25 expression by T-cells (Fig.  5D ). Taken together, these data clearly implicate both MMP-2 and MMP-9 in the MSC-mediated downregulation of CD25 expression and the inhibition of T-cell responses.
Inhibition of MMP-2 and MMP-9 restores T-cell responses to IL-2. To determine whether inhibition of MMP-2 and MMP-9 has a direct functional effect on T-cell responses, CD4
ϩ T-cells stimulated in primary culture in the presence of MSCs were reisolated and recultured for 72 h in the presence of 5, 15, and 50 IU/ml exogenous IL-2. As shown in Fig. 6 , T-cells stimulated in the primary culture without MSCs proliferated vigorously in response to IL-2 in secondary culture, in clear contrast to the poor proliferation of cells stimulated initially in the presence of MSCs. However, inhibition of MSC MMP-2 and MMP-9 in the primary culture resulted in essentially normal secondary responses to IL-2, providing a direct functional link between the suppressive effect of MSC MMP activity and CD25 expression, thereby suggesting that these enzymes may contribute to the mechanism of MSC-mediated immunosuppression. MMP-2 and MMP-9 are critical in MSC-mediated suppression in vivo. To test the hypothesis that MMPs play a functional role in MSC-mediated suppression in vivo, we used two models of T-cell responses to alloantigens. In the first, we used the trans vivo DTH assay, where ear swelling provides a read-out of T-cell responses (34) , and in the second, we used life-sustaining allogeneic islet transplants in diabetic mice (35) . In the DTH assay, allogeneic stimulator and responder cells were injected into the ear pinnae of immune-deficient mice in the presence or absence of MSCs and with or without the MMP inhibitor SB-3CT. As shown in Fig. 7A , coinjection of responders and stimulators resulted in a threefold increase in ear swelling compared with that induced by responders only. This DTH response was virtually abolished by coinjection of MSC, thus demonstrating a clear functional effect of these cells in modulating allogeneic responses in vivo (***P ϭ Ͻ0.001). Significantly, however, administration of the SB-3CT (6 mol/l) in the presence of MSCs reversed this effect, resulting in virtually unmodified DTH responses (***P ϭ Ͻ0.001).
One of the striking characteristics of MSC-mediated suppression is the capability of these cells to prolong the survival of skin allografts (18) and heart (19) . However, these grafts are physiologically passive and thus provide only a limited indication of the potential of MSCs. As a more rigorous test, we asked whether the immunosuppressive effects of MSCs would lead to the survival of life-sustaining islet allografts in streptozotocin (STZ)-induced diabetic recipients. C57BL/6 (H2 b ) pancreatic islets were transplanted under the kidney capsule of diabetic BALB/c Rag Ϫ.Ϫ ␥ Ϫ.Ϫ mice, which were reconstituted intravenously with 1 ϫ 10 5 CD4 ϩ CD25 Ϫ BALB/c T-cells as an effector population. Blood glucose was monitored daily, and diabetes was defined by a level of 14.5 mmol/l on 2 successive days. Transplantation of 500 islets resulted in a rapid return to normoglycemia (Fig. 7B) , but mice transplanted with islets alone become profoundly diabetic within 30 -35 days (median survival time [MST] ϭ 30 days, n ϭ 6) as a result of unmodified allograft rejection. In striking contrast, administration of 1 ϫ 10 5 syngeneic MSCs mixed with the islets at the time of transplantation prevented rejection, and all animals remained normoglycemic long term (n ϭ 6). That this was due solely to survival of the transplanted islets and not to endogenous islet regeneration is demonstrated by the fact that removal of the transplanted islets by nephrectomy at day 95 (Fig.  7B, arrow) resulted in an abrupt return to hyperglycemia. Significantly, insulin-positive islets were readily detected in these excised kidneys but were virtually absent from mice transplanted without administration of MSCs (Fig.  7C) .
To ask whether this protective effect is dependent on the activity of MMP-2 and MMP-9, a third group of diabetic recipients was transplanted with allogenic islets reconstituted with effector cells and MSCs, but these animals also received the MMP-2 and MMP-9 inhibitor SB-3CT (25 g/mouse) intraperitoneally once every 4 days from the day of islet transplant until rejection. All animals in this group became profoundly diabetic within 30 days (MST ϭ 30 days, n ϭ 4), again implicating MMP-2 and MMP-9 in MSC-mediated immunosuppression in vivo (Fig. 7B) .
DISCUSSION
Emerging evidence indicates that MSCs can suppress T-cell responses both in vitro and in vivo, but the mechanisms underlying these effects are not yet clearly defined. In this study, we have confirmed the ability of MSCs to inhibit T-cell proliferation and have shown that coculture with MSCs results in impaired T-cells responses to IL-2. The basis of this hyporesponsiveness appears to be due to a preferential loss of CD25 (the ␣-chain of the IL-2 receptor) from the cell surface, and, significantly, this was not explained either by receptor internalization or a reduction in CD25 expression at the transcriptional level. In an examination of candidate molecules that have been implicated in MSC-mediated suppression (9 -11), we were intrigued by the observation that addition of the MMP-2-and MMP-9 -specific inhibitor, SB-3CT, reversed the suppression by MSCs. Whereas inhibition of IDO, HO-1, or NO led to either no effect or only partially restored T-cell proliferation, inhibition of MMP-2 and MMP-9 in the primary coculture of T-cells with MSCs restored T-cell responses to IL-2 in secondary MSC-free cultures, and this was associated with restored levels of CD25 expression. Critically, the role of MMP-2 and MMP-9 in MSC-mediated suppression in vivo was demonstrated by the DTH assay, which provides an indirect read-out of T-cell responses. More persuasively, however, the effect of MSC was also demonstrated in a life-sustaining islet transplant model, where sustained normogylcemia provides a direct and physiologically relevant indication of attenuated T-cell responses. Overall, the data suggest that one of the principal explanations for the immunosuppressive capacity of MSCs is the cleavage of CD25 from the T-cell surface by MSC-secreted MMPs. Precisely where this takes place in this model is not clear at present, but given the fact that the MSCs are colocalized at the graft site, we would argue that their major effect is mediated within the graft itself. We predict, therefore, that the MSCs may have little effect on T-cell sensitization in secondary lymphoid tissues but rather that MMP-dependent cleavage of CD25 from the T-cell surface is restricted to the peritransplant area and thus limits prolonged T-cell activation. We are currently testing this hypothesis by looking for differential levels of CD25 on T-cells from the graft site and the draining lymph nodes.
Besides their important role in modification of the extracellular matrix, cell-extracellular matrix interactions, and cell mobilization, MMPs have been identified to possess a broader range of substrate specificity that includes cytokines and other inflammatory mediators, with consequent effects on regulation of the immune response and cell proliferation (30, 36) . In the field of cancer, MMP-2 and MMP-9 have been shown to play a direct role in tumor-mediated immunosuppression by cleaving CD25 from the T-cell surface (31), and our study suggests that while these enzymes that have a detrimental effect on tumor immunity, they may explain the beneficial effects of MSCs on the control of GvHD and allograft rejection.
In view of their immunosuppressive effects on the immune system, MSCs have significant therapeutic potential for the treatment of immune-related diseases that are refractory to conventional medical therapy. For example, pilot clinical studies have shown that MSCs are effective in the treatment of refractory acute GvHD, a severe complication that can occur following allogeneic bone marrow transplantation (12) . MSCs have also been shown to be useful in the treatment of autoimmune diseases including experimental autoimmune encephalomyelitis (14) , collageninduced arthritis (15) , and autoimmune enteropathy (16) . Despite the well-documented inhibitory activities of MSCs, and the clinical trials investigating the therapeutic potential of these cells in the treatment of immune-mediated disorders, little is known about the potential of MSCs in solid organ transplantation, and, furthermore, the mechanisms of MSC-mediated immunosuppressive effects in vivo remained to be elucidated (37) . Thus far, Bartholomew et al. (18) have shown a single intravenous administration of donor-type MSCs into major histocompatibility complexmismatched baboons prolonged the survival of skin grafts to 11.8 Ϯ 1.4 days compared with 7.0 Ϯ 0 days in untreated controls. In a mouse allograft model, Casiraghi et al. (19) demonstrated that intraportal administration of MSCs prolong heart allograft survival to a median survival time of 40 days compared with 10 days in untreated controls.
The therapeutic potential of MSCs in islet transplantation could address both aspects of these immune responses by suppression of the alloreactivity and autoimmunity (38, 39) . The current study shows that administration of MSCs can result in the prolonged survival of allogeneic islets and lead to long-term stable normoglycemia. Moreover, inhibition of the activity of MMP-2 and MMP-9 in vivo after cotransplantation of MSCs and allogeneic islet grafts abrogated the protective effect of the MSCs, resulting in rejection of the transplanted islets. Although our studies do not address the autoimmune component of responses to transplanted islets, we would argue on the basis of the relative precursor frequency of direct-pathway alloreactive T-cells and self-restricted autoreactive T-cells that control of the rejection response might also limit a reoccurrence of the original disease, especially when MSC delivery was combined with transient immunosuppression to target self-restricted memory T-cells. Taken together, our data demonstrate that MSCs can inhibit the immune response to allogeneic tissue in vivo and that MMP-2 and MMP-9 contribute to the molecular mechanism of suppression mediated by MSCs in vitro and in vivo and thus cement the rationale for their therapeutic implication in allogeneic islet transplantation.
